A quantitative treatment of the effects of magnetic mutual interactions on the specific absorption rate of a superparamagnetic system of iron oxide nanoparticles coated with oleic acid is reported. The nanoparticle concentration of the considered ferrofluid samples varied from a very low (0.005) to a medium (0.16) value of the volume fraction, whereas the amplitude of the exciting AC magnetic field ranged from 14-35 kA m −1 . It was proved that a direct effect of the interparticle interactions resides in the regime of the modified superparamagnetism, dealing, besides the usual increase in the anisotropy energy barrier per nanoparticle, with the decrease in the specific time constant τ 0 of the relaxation law, usually considered as a material constant. Consequently, the increase in the specific absorption rate versus the volume fraction is significantly diminished in the presence of the interparticle interactions compared to the case of non-interacting superparamagnetic nanoparticles, with direct influence on the magnetic hyperthermia efficiency.
Introduction
Besides various nanotechnology related applications of superparamagnetic nanoparticles (NPs) such as magnetic data storage [1] , magnetic sensors [2] , etc, there are also interesting biomedical applications as, for example, magnetic resonance imaging [3] , drug targeting [4, 5] , cancer therapy [6] [7] [8] , etc. While most of these applications are related to the superparamagnetic relaxation phenomena, there was a particular focus on the investigation of the magnetic inter-particle interactions regarding their superparamagnetic behavior [9] [10] [11] . The nature of the interactions that may occur in a nanoparticle system is influenced by the mutual distance between particles (depending on their concentration). If the NPs are in close contact, exchange interactions (direct or super-exchange) may appear between magnetic atoms at the NP surface [12, 13] . Ruderman-Kittel-Kasuya-Yosida (RKKY) is another type of interaction (mediated by the conduction electrons) which can appear for NPs dispersed in a metallic matrix [14] . Tunneling exchange interaction can be present among NPs dispersed in a non-metallic matrix, if the inter-particle distances decrease to the sub-nanometer scale [15] . Except for the already-mentioned interactions, which are usually of the short-range type and involve peculiar conditions, long-range dipolar interactions act among the giant magnetic moments associated to each magnetic NP [16] . These interactions play a crucial role in contactless nanoparticulate systems and depend strongly on the particle concentration. According to the Stoner-Wolhfarth model, in a single-domain magnetic nanoparticle with uniaxial anisotropy, the magnetic moment of the nanoparticle fluctuates with respect to the easy axis (between the two energy minima) if the thermal energy ( ) k T B overcomes the anisotropy energy barrier ( ) ∆ = E KV . The characteristic time of this magnetic relaxation is given by the Neel-Brown formulation [17, 18] :
where K is the anisotropy constant, V is the nanoparticle volume, T is the absolute temperature, k B is the Boltzmann constant. τ 0 is a time constant specific to each material, taking values in a wide range (10 −8 -10 −12 s). It is worth mentioning that there are different models for expressing the relaxation time (e.g. as reviewed by Dormann et al [19] , all of them leading to a general form of type (1), but with different expressions for the time constant τ 0 . According to the reported relations for τ 0 [10, 19] , this very slightly depends on the temperature, but depends on other material characteristics such as saturation magnetization, anisotropy constant, damping factor, gyromagnetic ratio, etc. Hence, the parameter τ 0 is considered to be a constant, specific to the material from which the superparamagnetic nanoparticles are synthesized.
In the peculiar case of a ferrofluid (magnetic NPs dispersed in a liquid phase) with a low-volume fraction, φ, of
(φ is the ratio between the volume of the magnetic solid fraction and the volume of the ferrofluid) and very narrow size distribution, the NP system forms a statistical assembly of identical and non-interacting magnetic entities (the relaxation behavior of the assembly can be described via the magnetic relaxation of a single particle). Increasing the particle concentration, the magnetic mutual interactions may either increase the characteristic relaxation time associated to an individual particle or even induce a new collective magnetic behavior of the system. Detailed reviews about different states generated by magnetic interactions among NPs, from modified superparamagnetism (SPM) to the collective state of superferromagnetism (SFM) or superspinglass (SSG) can be found in [20, 21] . In the general case of ferrofluids based on very fine particles which, in addition, are surfacted or functionalized, as required for bio-medical applications [22] , the dipolar interactions can be supposed weak enough in order to lead to superspin collective states. Accordingly, the superparamagnetic relaxation process described by equation (1) could suffer just the following changes (as also mentioned in [21] ):
(i) The increase in the anisotropy energy barrier, leading to a modified SPM state described by relation (2):
(ii) The manifestation of a 'glass-like' collective behavior at very low temperature that is quantitatively expressed by the insertion of a virtual transition temperature ( ) T 0 in the denominator of relation (2) to separate the frozen magnetic state of quasi-independent macrospins from the randomly oriented interacting macrospins, as described by relation (3)
It is worth noting that in the case of dipolar interactions, each NP 'sees' a magnetic mean field, H ij [19] :
where the product between the magnetization and the volume of a nanoparticle ( ) M V j j gives the overall magnetic moment associated to the nanoparticle, u i j , and r ij are the unit vectors of the magnetic moments and of the distance ( ) d ij between the centers of the i j , nanoparticles, respectively. According to [19] , the expression for H ij is depending on the shape of the nanoparticles and on their mutual distances. However, the dipolar interaction energy between two NPs is proportional to the product of their magnetic moments and inversely proportional to ( ) d ij
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. The usual case of an increased anisotropy energy (and hence an increased blocking temperature, T B , and an increased relaxation time τ under the assumption of an unmodified relaxation time constant, (τ 0 ) due to the interparticle interactions was modeled by Dormann et al [19] . On the other hand, Morup et al have reported, particularly through the evolution of the blocking temperature provided by Mossbauer spectroscopy, a decrease in the relaxation time at an increasing volume fraction of maghemite-based ferrofluid samples [23] , proposing also a theoretical modeling of such behavior. In fact, Morup and Hansen [24] have also provided a critical review of different models dealing with the dynamics of interacting magnetic nanoparticles, concluding that both models by Dormann and, respectively, Morup are able to fit the experimental data, even if they are antagonistic. However, the models have to be applied according to independent estimations of the main parameters entering the expressions of the relaxation time ( for example, the evolution of the anisotropy energy and the relaxation time constant). The different behavior of the energy barrier as a function of the interaction could be explained in Morup's model via the temperature evolution of the multiplication factor ( / − kT KV 1 3 4 ), which can shift from negative to positive values depending on the ratio between the thermal and anisotropy energies. In this context, the effect of the interparticle interactions on the relaxation time still remains an open issue, requiring both additional experimental and theoretical (including the most comprehensive micromagnetic simulations) considerations.
In biomedical applications, including cancer therapy via magnetic fluid hyperthermia (MFH) [25] , magnetic nanoparticles are usually functionalized by covering them with a poly mer layer [26, 27] , which has the role of cutting the physical contact between the particles. Even under these special conditions, dipolar interactions are not vanishing for nanoparticle concentrations that are not too low. However, in this kind of application (MFH), small concentrations of magnetic nanoparticles are usually employed [28] in conjunction with the application of an AC magnetic field [29] . By magnetic relaxation processes [30] , nanoparticles will dissipate enough heat to induce the death of the malignant cells. In spite of their functionalization, nanoparticles may accumulate (clusterize) locally in the intraor extra-cellular medium of the target tumor [31] . Expectedly, the magnetic hyperthermia performances of nanoclusters and single nanoparticles could be quite different [32] . The aggregation processes lead to weaker or stronger dipolar interactions (depending on the local volume fraction) affecting the response of individual nanoparticles to the AC magnetic excitation. A range of spread effects of the interparticle interactions on the specific absorption rate (SAR) of particle systems has been reported to date [33] [34] [35] [36] [37] . Intrinsic magnetic features of NPs (anisotropy, magnetization) and experimental conditions (concentration, magnetic field) influence the heat dissipation pattern and may lead to diverging results [38] .
Based on calorimetric measurements and using a previously developed methodology for the compensation of the heat losses [39] , this paper investigates the possibility of getting valuable information on magnetic relaxation phenomena related to ferrofluid samples of different volume fractions by fitting the adiabatic heating curves with those simulated through a theoretical model [30] and taking into account the magnetic parameters of the nanoparticles as collected by magnetometry and Mössbauer measurements [40] . It is worth noting that in most of the ferrofluids of the high-volume fraction there is an agglomeration process of the nanoparticles leading to the formation of clusters of different sizes. However, the NPs inside the clusters are also interacting by weak dipolar interactions (antiferromagnetic in nature) due to the presence of a single/double layer of surfactant on each particle. As a result, the magnetic moment of the cluster is very small, whereas the relaxation mechanism of the NPs inside the cluster can be considered as a modified SPM one. The calorimetric measurements provide information on the average magnetic response, being dependent in a first approximation on the average volume fraction and not on its volumetric distribution (related to the cluster formation).
Experiment
The experimental setup, in the present work, uses a commercial RF heating system (Ambrell Easy Heating) of 4 kW power and equipped with a 235 kHz inductor coil built from eight turns of square section (4 mm 2 ) copper pipe cooled with water. The coil has an inner diameter of 26 mm with a 2 mm distance between turns, which allows for the generation of a homogeneous magnetic field inside. Using this arrangement, described in detail in our preview works [39, 41] ). The temperature evolution of each sample was recorded from the thermal equilibrium (established between °20 C-°30 C) to an optimal value depending on the field intensity (less than °70 C), by using an optical fiber thermometer connected to a computer. The ferrofluid samples, prepared via a chemical route [42] , are based on iron oxide superparamagnetic nanoparticles (SPION) dispersed in transformer oil. The nanoparticles are coated with oleic acid, which has the role of preventing the physical contact between the magnetic core of the particles as well as the magnetic agglomeration, i.e. to ensure the long-term colloidal stability of the samples. Therefore, it can be stated that even at the maximum used concentration neither SSG nor SFM collective states could be involved. According to the morpho-structural and magnetic characterization presented previously [40] , these particles have an ellipsoidal shape (with polar and equatorial diameters of 11.5 and 8.5 nm, respectively), and an average crystallite volume of about × ). Also, the magnetic field inside the RF coil was numerically evaluated by the finite element method [41] for all inductor current intensities used in the experiment. The effective anisotropy energy barrier KV of each ferrofluid sample was extrapolated (figure 1) from the existing data provided by Mössbauer spectr oscopy [40] . It is worth mentioning that the correspondence between the volume fraction and the KV values for similar samples of different volume fractions was shown to be in agreement with the presence of increasing dipolar interactions within the framework of a modified SPM behavior [40] , giving a first indication of direct support for the evolution of the relaxation time versus the interaction strength according to the Dormann model. Furthermore, the variation of the specific heat capacity versus temperature at a specified volume fraction is given by:
Results and discussions
In order to quantitatively analyze the effects of the interparticle interactions on SAR in ferrofluids excited by AC magnetic fields, the heating profile of different samples ( ( ) T t ) has been recorded. For taking into account the heat losses, unavoidable in this kind of calorimetric experiment, a recently developed methodology [39] has been applied. It is worth mentioning that an alternative way of diminishing the effect of heat losses (faster, but less efficient) is by taking the initial slope of the recorded heating curve [43, 44] .
According to the developed methodology, a typical heatingcooling cycle ( ) → ( ) T t T t T t H and cooling ( ( )) T t C curves were fitted with appropriate functions and following the procedure described in [39] , the adiabatic-like heating curve was finally generated (figure 4-red empty circles). This methodology was applied for all recorded heatingcooling cycles (corresponding to the analyzed samples of different volume fractions and excited by different field amplitudes).
A pure superparamagnetic regime can be assumed without a doubt for the sample with the lowest dilution due to its low volume fraction φ = 0.005 1 . The adiabatic heating curve ( ) T t can be theoretically simulated in this case by using the model by Rosensweig [30] , which is valid only for magnetic nanoparticle ensembles with no mutual interactions. Accordingly, the dissipated power is
where τ is the effective relaxation time related to both Brownian and Neel relaxation mechanisms accounted by the specific temperature-dependent relaxation times τ B and τ N ,
, f and H 0 are the frequency and the amplitude of the applied AC magnetic field, µ 0 is the air permittivity and χ 0 is the equilibrium susceptibility. For the present systems, the Neel relaxation mechanism is strongly dominant (average particle radius lower than 6 nm). The equilibrium susceptibility may be approximated by the initial susceptibility, figure 5 ). It is worth mentioning here that for none of the analyzed samples further presented was possible to obtain a convenient fit over the whole time/temperature range. An accurate justification of this fit deficiency observed as the volume fraction increases is found to be nontrivial. Therefore, taking into account that the most appropriate thermal equilibrium states are obtained in the first heating stages where the thermal losses can also be neglected, the fit of the theoretical to the experimental heating curve has been adjusted mainly with respect to the initial slope (as will be shown in the following such fit extended over a lower temper ature range for samples of increasing volume fraction). ), which expectedly should have a certain influence on the SPM behavior of the suspended nanoparticles (modified superparamagnetism). Any attempt to fit the adiabatic-like heating curves obtained from the experimental data by keeping in the Rosensweig model the same value of τ 0 , ( × − 4.5 10 s 9 ) and considering in equation (2) of the relaxation time (for an assumed modified SPM) the corresponding values for the anisotropy energies as derived from figure 1, was not successful (see, for example, the insets of figures 6 and 7). Differences between the initial slopes of these curves (theoretical and adiabaticlike) are always present and increase with the volume fractions). In order to improve the accuracy of the fit (with focus on the initial slope) the presence of the 'glass-like' behavior was also tested by using relation (3) for the Neel expression of the relaxation time. Implausible values for T 0 improving the fit were obtained. Therefore, the only solution to reach a good fit, at least over the initial slopes, was to modify the values of τ 0 . In the case of the sample with the volume fraction φ = 0. s. It is noted that the restricted range of the reasonable fit of the adiabatic-like curves is derived from the experimental data in the case of the samples of high volume fraction. It is not easy to provide a precise answer to this shortcoming, due to the different potential origins of either the methodological or phenomenological type as, for example, underestimated heat losses which might be amplified at larger heating time and for higher field amplitudes, a possible dependence of the relaxation time constant versus temper ature, a time-dependent thermal transfer, etc.
The evolution of the obtained values of τ 0 (leading to the best fit of the slope in the adiabatic-like heating curve derived from the experimental data) versus the volume fraction, shows an exponential-like decrease behavior (figure 8). It is noted that a similar evolution of τ 0 was evidenced for all four magnetic field intensities used in the experiments (inset of figure 8) According to Rosensweig's model, the dissipated volumetric power is directly proportional to the volume fractions. However, as shown above, the dipolar interactions between the nanoparticles inhibit the superparamagnetic relaxation of the system by decreasing the constant time τ 0 corresponding to the modified SPM given by equation (2) . Therefore, it is worth quantifying the influence of the dipolar interactions on the SAR, which in the case of a ferrofluid with volume fraction φ, can be expressed by:
where ( ) q T p is the volumetric power dependent on the temperature, m is the mass of the ferrofluid sample,
is the specific heat capacity of the sample and ( ) ( / )
T is the heating speed evaluated under adiabatic-like conditions. In order to measure the volume fraction dependence of the SAR, the initial heating speeds of the experimental adiabatic curves for all samples subjected to all four magnetic field intensities were considered. The associated SAR values were compared to the SAR values generated by the theoretical In respect to the theoretical model [30] , the power dissipated (or SAR) by a pure SPM system (without interparticle interactions) excited with AC magnetic fields grows almost linearly with the volume fraction. However, according to figure 9, the experimental SAR values corresponding to real systems of interacting nanoparticles, presents a much weaker increase. The relative diminution of the experimental SAR values with respect to the theoretical values estimated in the case of non-interacting NPs becomes more pronounced with both the volume fraction and amplitude of the exciting AC magnetic field (see figures 9(a)-(d)). Therefore, the dipolar interactions between the nanoparticles in the modified SPM regime introduce a dramatic negative influence on SAR, reducing implicitly the hyperthermic potential of the system.
Concerning the explanation of the observed reduced transferred power in the presence of inter-particle interactions, it is worth mentioning that starting from the above-mentioned dependence of the dissipated power and using relation (1) with the actually derived values of τ 0 and KV, it results in a dependence of type τ P~. Furthermore, by taking for τ 0 and KV specific values for systems without interparticle interactions (e.g. for volume fraction φ 1 ) and, respectively, with interparticle interactions (e.g. for volume fraction φ 3 ), the resulting relaxation time given by equation (1) is lower in the presence of dipolar interactions. A reduced transferred power is also expected in this case.
A reduced specific absorption rate on the unit mass of the magnetic component was reported in [11] as the effect of inter-particle interactions. Expectedly, the SAR values reported in [11] should remain constant, whereas the SAR values reported in this work (relative to the unit mass of ferrofluid) should increase linearly with the volume fraction, if no intrinsic effects of the inter-particle interactions are present. In fact, the negative deviation from the linear increase of the SAR values versus the volume fraction, as observed in this work (see figure 9) , is in agreement with the decreased SAR behavior at increasing volume fractions ( compared to the expected constant one) reported in [11] , showing a similar effect of inter-particle interactions on the specific absorption rate.
It is worth noting that the experimentally derived dependence of both the anisotropy energy barrier and relaxation time constant versus the volume fraction has direct implications for the theoretical modeling of MFH, which is required for the estimation of the heat transfer term to be used as the input parameter for the numerical solutions of the bio-heat transfer equation.
Conclusions
The effect of magnetic interparticle interactions in SPM systems on the magnetic relaxation process is of particular importance in the magnetic hyperthermia procedure. This effect was carefully investigated in terms of a modified SPM state, using experimental evaluations on ferrofluid samples based on coated magnetite nanoparticles, with volume fractions ranging from very low values (approaching the pure SPM regime of NPs) to medium values (modified SPM regime of NPs). The influence of the modified SPM behavior on the specific absorption rate of the ferrofluid samples was investigated by calorimetric measurements, taking into account the modification of the magnetic anisotropy energy barrier in respect of the volume fraction evidenced by the specific magnetic measurements. It was found that the presence of the magnetic dipolar interactions among the NPs leading to the modified SPM regime also influences the time constant (τ 0 ) in the Neel-Brown relaxation law, with this quantity becoming a system-dependent constant, changing with both NP characteristics and concentration. As a direct consequence of the diminished relaxation process in the modified SPM, the increased SAR versus the volume fraction (of crucial importance in modeling bio-transfer equations for the simulation of the temperature distribution in the tissue) is much lower than in the case of non-interacting similar NPs. 
